*Dedicated to Yves Chauvin for his outstanding contributions to catalysis Ce manuscrit est dédié à Yves Chauvin pour ses contributions exceptionnelles à la catalyse Résumé -Effets nonlinéaires dans la catalyse organométallique énantiosélective -L'historique de la catalyse organométallique énantiosélective est rappelé en introduction. Les problèmes liés à l'emploi d'auxiliaires chiraux énantioimpurs sont discutés, les effets nonlinéaires sont définis et des modèles mathématiques simples sont présentés. De nombreux exemples d'effets nonlinéaires positifs ou négatifs sont maintenant connus, certains sont mentionnés. Les effets nonlinéaires sont utiles pour aborder des mécanismes réactionnels. L'amplification asymétrique peut avoir des applications en catalyse, en permettant d'utiliser un ligand qui n'est pas énantiopur. 
INTRODUCTION
The biological activity of many chiral compounds may depend on their absolute configuration. This is known since a long time and encouraged chemists to develop efficient routes to the preparation of a compound in the desired configuration. Resolution of a racemic mixture was the classical preparative method and is still very useful in industry. The alternated route, based on the asymmetric synthesis from an achiral starting material remained problematic for a long time. The catalytic enantioselective reactions looked the most attractive but also the most difficult to elaborate. The first nonenzymatic enantioselective catalytic reaction in 1913 was the formation of cyanohydrin (7% ee!) from HCN and benzaldehyde catalyzed by quinine [1] . The development of homogeneous catalysis using organometallic complexes in mid-sixties encouraged people to prepare chiral complexes for catalysis [2] . The first and modest results were obtained in 1961 for polymerization [3] , in 1966 in cyclopropanation [4] and in 1968 in hydrogenation [5, 6] . The asymmetric hydrogenation was especially promissing for applications. It used Wilkinson type precatalysts (RhL * 2 Cl) 2 or (RhL * 2 S) + X -where L * was a chiral phosphine. The first generation of ligands involved monophosphines L * where phosphorus is an asymmetric center. In 1971-1972 we introduced a new family of ligands, the chiral bidentate diphosphines of C 2 symmetry [7, 8] . The idea was to avoid the elaboration of asymmetric phosphorus atoms and to relay the effect of remote asymmetric centers through a conformational effect given by the chelate ring [9] . Results were excellent for that time (ees up to 80%) and obtained in Orsay in the context of a PhD work (T.P. Dang) started in 1967 and supported by the French Institute of Petroleum [10] . Many chiral C 2 chelating P compounds were subsequently described in literature, for example dipamp in 1975 [11] , chiraphos in 1977 [12] , a diphosphinite with the 1,1'-binaphtyl backbone [13] and finally binap in 1980 [14] . Monophosphines R * PPh 2 , where R * is a chiral group, were less successful [15] . It was only in 2000 that it was discovered that some phosphorus ligands such as (RO) 2 PNR 2 or (RO) 2 POR' are excellent ligands for asymmetric hydrogenation [16, 17] .
ENANTIOIMPURE AUXILIARIES IN ASYMMETRIC CATALYSIS
Chiral catalysts can be well-defined molecular species and are prepared from some chiral auxiliaries, this is schematized in Figure 1 when the auxiliary is not enantiopure (ee auxiliary < 100%). If the chiral catalysts are not enantiomerically pure and are considered as acting independently one from each other, then it is easy to calculate the enantiomeric excess of the resulting reaction product [18] . The enantiopure (+)-catalyst will provide a product with a given enantiomeric excess (ee max ), the enantiomeric (-)-catalyst will generate a product of opposite configuration with the same enantiomeric excess (-ee max ). The racemic catalyst gives of course a racemic product. (1) This equation can be rigorously established. For that purpose the only assumption required is that mixtures of various amounts of the enantiomeric auxiliaries will provide, in the same relative amounts, two asymmetric syntheses with identical rate constants, but giving products of opposite absolute configurations. The general validity of Equation 1 has been questioned by Izumi and Tai [19] . In 1986, we demonstrated with Prof. C. Agami for the first time that deviations from Equation 1 may indeed occur in asymmetric catalysis [20] . These deviations were named "nonlinear effects" (NLE) to illustrate that the curves ee product = f(ee auxiliary ) are no longer the straight lines defined by Equation 1. In this plot ee max state for the ee obtained with an enantiopure ligand. A positive nonlinear effect [(+)-NLE] characterizes situations such as that of curve A in Figure 2 , where the product is of a higher ee than the value given by the straight line B. A negative nonlinear effect [(-)-NLE] corresponds to curves of type C, where the products are of lower ee than expected. The terms asymmetric amplification [21, 22] and asymmetric depletion [18] are currently used as synonyms of (+)-and (-)-NLE, respectively.
In our 1986 paper, we presented one case of asymmetric amplification (Sharpless epoxidation of geraniol) and one case of asymmetric depletion (sulfide oxidation in presence of a chiral titanium complex). The proline-catalyzed intramolecular aldol reaction (Hajos-Parrish reaction) gave rise to a weak (-)-NLE which has been recently reinvestigated [23, 24] . Since 1986, many examples of NLE have been discovered in a wide variety of reactions mostly for organometallic catalysts. Some reviews have been published [25] [26] [27] [28] [29] [30] . Asymmetric amplification has been specifically reviewed in references [18, 29] . Figure 1 Formation of catalysts from a metallic precursor (M) and a mixture of enantiomeric ligands (L R + L S ).
SOME CONDITIONS FOR OBSERVING A NONLINEAR EFFECT
When two enantiomeric catalysts are mixed in various amounts, the prediction of the enantiomeric purity of the products is easy, provided that the mixing does not introduce additional interactions between the enantiomorphic systems. In this ideal behavior, simple additivity rules will give rise to Equation 1 (linearity). A deviation from ideal behavior must generate diastereomeric species that are not present in the homochiral systems with, as a possible consequence, a deviation from linearity. In the kinetic framework, the non-ideal behavior will introduce new reaction paths and may change the kinetics from those defined with the enantiopure catalysts. Let us clarify these points by considering a metal complex bearing two ligands (L) symbolized as ML 2 . The corresponding enantiopure catalysts with chiral ligands (L R or L S ) may be of the type ML R L R or ML S L S . If the ligand has some enantiomeric excess (ee auxiliary ), a heterochiral complex ML R L S assumed of meso structure for simplicity, may be created in addition to ML R L R and ML S L S . The meso-complex is a diastereomer of the two homochiral complexes, it will generate a racemic product and its catalytic activity may be very different of that exerted by the homochiral complexes. It will introduce a perturbation which cannot be predicted from the simple knowledge of the behavior of the homochiral catalysts. In such cases a deviation from Equation 1 can occur, giving a nonlinear effect. The perturbation arises from the "heterochiral marriage" of the two enantiomeric auxiliaries, either inside (vide infra) or outside the catalytic cycle.
There are innumerable examples of kinetic schemes which may introduce non-linearity. They share in common some additional pathways or equilibria by respect to the reactions carried out with the enantiopure catalysts, building up new species.
If the catalyst is modified by the product (autoinduction processes [31, 32] ), additional complications will occur which may give rise to nonlinearity. This aspect, as well as asymmetric autocatalytic reactions [18, 29] , will not be considered here.
SOME SIMPLE MODELS
We have described two fundamental and simple models of nonlinear effects, as seen below.
Kinetic Model
We proposed a model where the unusual behavior of the chiral auxiliary reflects the formation of catalytic species involving several chiral ligands [20, 22] . If L R and L S are the two enantiomeric ligands of a metal (M) bearing n ligands (L), one may simply represent the complexes as ML n . ML 2 complexes, or the dimeric species (ML) 2 , are the simplest ways of assembling two chiral ligands within a complex. This model, however, does not take into account other co-ligands or additional possibilities of stereoisomerism, and it assumes that there is no free chiral ligand. A minimum of three stereoisomeric complexes are generated, namely two homochiral complexes (ML R L R and ML S L S ) and one heterochiral (meso) complex (ML R L S ). The chiral products P R and P S are obtained from these three catalysts (Fig. 3) . The heterochiral catalyst will give a racemic mixture of products whereas the two homochiral catalysts will generate products of opposite absolute configuration with enantiomeric excess ee product = ee max . The overall enantiomeric excess of the product will depend on the relative amounts of the three catalysts present (x, y and z) and on their relative reactivities (
A simple calculation has been performed [20, 22] to express ee product as a function of the relative amount β of heterochiral catalyst present and of its relative reactivity g, as defined in Equation 2.
In Figure 3 an equilibrium is assumed between the three complexes. K is defined as the equilibrium constant of interconversion between the three complexes and is related to the The three main plots relating the ee of the chiral auxiliary to the ee of product in enantioselective catalysis.
relative amount β of heterochiral catalyst. The kinetic calculations give formula (3) where ee's are defined as being < 1.
If β = 0 (no heterochiral catalyst) or g = 1 (same reactivity of hetero and homochiral catalysts) then (1 + β) / (1 + gβ) = 1, giving linearity. When g < 1, it comes (1 + β) / (1 + gβ) >1, providing an asymmetric amplification. Thus the necessary condition for asymmetric amplification in the above model is for the heterochiral catalyst to be less reactive than the homochiral catalyst. If the heterochiral catalyst is more reactive then (1 + β) / (1 + gβ) < 1 and hence a negative nonlinear effect is observed. The size of the asymmetric amplification is regulated by the value of (1 + β) / (1 + gβ) which increases as K does. The more heterochiral catalyst (of the lowest possible reactivity) there is, the higher will be ee product . This is well illustrated by computed curves in Figure 4 . The variation of ee product with ee auxiliary is represented for various values of g (the relative reactivity of the meso complex) with K = 4 (corresponding to a statistical distribution of ligands in the complexes). The ML 2 model has been extended to complexes with more than two ligands, a generalized ML n model has been discussed, especially for n = 3 or 4 [22] .
Reservoir Effect
The above asymmetric amplification is a consequence of an in situ increase in the ee of the active catalyst, since racemic ligand is trapped in the unreactive or weakly reactive meso catalyst. In the reservoir effect a similar phenomenon occurs outside the catalytic cycle. Let us assume that part of the initial chiral ligand characterized by ee auxiliary , is diverted into a set of catalytically inactive complexes (Fig. 5) . A common scenario is a pre-equilibrium between monomers and dimers (inactive) with an equilibrium constant K which fixes the size of the reservoir as a function of ee auxiliary . One case is indicated in Figure 5 . Strong amplifications at low ee auxiliary may be achieved using suitable values of K.
REACTION RATES IN NONLINEAR EFFECTS
New diastereomeric species may be generated if the chiral auxiliaries are enantioimpure. As a direct consequence, this modifies the overall reaction rate (in comparison to that of the enantiopure system), as pointed out by Blackmond [33] . This is easily understandable by looking at the models of Figure 3 . In the ML 2 Figure 3 The ML 2 model [20, 22] . catalyst, hence a lowering of the global reactivity in comparison to a mixture of homochiral catalysts. The bonus given by the (+)-NLE has to be paid by a deficit, the decrease in the catalytic activity. The same conclusion is reached for the ML model with homochiral dimerization (Fig. 5) . The decrease of the amount of ligand available for the monomeric catalysts consequently lowers the quantity of catalytic species in respect to the reference systems with enantiopure ligands. The general relationships between the rates and the enantiomeric excesses of the chiral auxiliary are represented in Figure 6 .
SOME EXAMPLES OF NONLINEAR EFFECTS
Most of the nonlinear effects have been described for organometallic catalysts, but some organocatalysts may give rise to nonlinear effects as recently discovered. Organocatalysis will be not discussed here.
Enantioselective organozinc additions on aldehydes is possible in presence of a catalytic amount of a chiral aminoalcohol. The catalytic species is the zinc alcoholate which is prone to dimerize in solution. Noyori et al discovered and studied a spectacular (+)-NLE in the addition of Et 2 Zn on benzaldehyde (Fig. 7) [34, 35] . They carefully studied all the facets of the reaction and proposed a reservoir mechanism. The key factor for the asymmetric amplification is the formation of a stable heterodimer Zn alcoholate which amplifies the enantiomeric excess of the acting monomeric species. Figure 5 The reservoir model where monomeric complexes are catalytically active and a meso-dimer is inactive. The three main cases of relationships between reaction rates and ee of the ligand in enantioselective catalysis. Asymmetric amplification in the reaction of Et 2 Zn on benzaldehyde catalyzed by DAIB, a β-aminoalcohol [34] (Curve redrawn from Ref. [34] ).
Many classes of reactions gave rise to nonlinear effects. The organometallic catalysts are often based on Ti, Zn, Cu, Ni, Cr, Ln, Ru or Rh. For example Diels-Alder reactions have been catalyzed by complexes prepared from Ti(Oi-Pr) 4 / binol or taddol [36] , [37] or bis-oxazoline/Ni complexes [38] , the 1,4-addition of phenylboronic acid on enones have been catalyzed by a Rh(OH)binap complex [39] . The aza-Michael reaction on chalcone catalyzed by rare-earth-Li-binaphtoxides complexes gave a high (+)-NLE [40] . The glyoxylateene reactions catalyzed by a Ti/binol complex is one early example of a strong asymmetric amplification [41] .
Hydrogenation of β-ketoesters catalyzed by RuBr 2 binap [42] or hydrogenation of dimethyl itaconate catalyzed by Rh/2L* (L* = chiral monophosphite) [43] provided an excellent asymmetric amplification. We have investigated the enantioselective oxidation of sulfides into sulfoxides by hydroperoxides. It was discovered that (+) or (-)-NLE could be generated according to the experimental conditions, the catalyst being generated from Ti(Oi-Pr) 4 / (+)-diethyl tartrate and various additives [44] . The ring opening of meso-epoxides by N 3 SiMe 3 was catalyzed by a CrN 3 /chiral salen complex, providing an important (+)-NLE [45] . This short list shows the large diversity of reactions and catalysts (Lewis acid type or transition-metal complex) able to display a nonlinear effect when the ligand is not enantiopure.
MECHANISTIC APPLICATIONS
In asymmetric catalysis it is important to optimize the enantioselectivity in the transformation of a given substrate, by a fine tuning of the structure of the catalyst and of the experimental conditions. For that purpose some knowledge about the reaction mechanism may be very useful. In this context the study of nonlinear effects is emerging as a simple and additional mechanistic tool.
The presence of (+)-or (-)-NLE is a good argument for some complexity in the kinetic scheme, with the formation of species containing several ligands giving rise to diastereomers. Often, the aggregation of a complex may be detected by a (+)-NLE coming from heterodimers or heterooligomers of low reactivity. Reactions which are second-order in catalyst may also give rise to NLE (as in asymmetric meso-epoxide opening) [45] .
A nonlinear effect coupled with some kinetic data give a significant insight into the mechanistic scheme of a catalytic system. For this purpose several rate laws have been elaborated, based on alternative mechanisms. Then, the simulation of the curves ee product = f(ee auxiliary ) and rates = f(ee auxiliary ) may be compared with the experimental data, allowing one to retain the hypothesis that gives the better fit [39, 43, 45] .
In catalytic reactions where no NLE is observed, it is difficult to draw any conclusions. The linearity may reflect the monomeric character of all the ML complexes. It may also be the result of an aggregation of ML complexes or formation of ML 2 complexes, with parameters providing linearity. For example, the ML 2 system (Fig. 2) displays linearity if the heterochiral complexes have the same reactivity as the homochiral complexes (g = 1) or are not formed (β = 0). Similar conclusions have been drawn for dimers (ML) 2 derived from ML monomers.
CONCLUSION
Asymmetric amplification is one of the most interesting aspect of nonlinear effects. It is essentially generated by the 'anihilation' of two ligands of opposite configuration in unreactive species (inside or outside the catalytic cycle) [25] . A direct consequence of the reservoir effect or of the lower reactivity of heterochiral species is the enhancement of the enantiomeric excess of the reactive species. This beneficial effect, however, is balanced by a decrease in the reaction rate since a smaller amount of active catalyst is available for reaction. The lowering of reaction rate will be especially strong for low ee auxiliary due to the greater formation of heterochiral species. This effect has been often experimentally observed and quantitatively discussed in connection with ML n models [33] . In the ML 2 model (Fig. 3 and Equation 3 ), for example, it is possible to calculate the values of x, y and z which define the relative amounts of the three catalysts (as a function of K and ee auxiliary ). The overall rate of formation of products may then be obtained as a function of K and ee auxiliary . The comparison of calculated and experimental rates should provide a simple tool for the support of a mechanistic model [33] .
The mechanisms for the in situ enhancement of the catalyst ee bear a similarity to the 'Horeau-Langenbeck duplication' which can be used for the enhancement of ee of an enantioimpure compound [46, 47] . In this approach a mixture of enantiomeric monomers R and S are coupled with an achiral bifunctional linker to give a mixture of dimers R-R, S-S and R-S. The R-S dimer (diastereomeric to the homochiral combinations R-R and S-S) is separated and the remaining enantiomeric mixture of dimers cleaved to generate a mixture of monomers R and S of enhanced ee (even if the coupling reaction gave a statistical distribution of products).
The ML n model (n = 3 or 4) has been used to predict an unusual nonlinear effect where the enantiomeric excess of the product increases when the ee of chiral auxiliary decreases [22] . Such an effect (hyper NLE) is presented in Figure 8 (curve A) and remains to be discovered. For example a ML 3 system may provide the homochiral complexes (ML R L R L R and ML S L S L S ) and the heterochiral complexes (ML R L R L S and ML S L R L R ). Let assume that the heterochiral complexes are more stereoselective and much more active catalysts than the homochiral complexes.
In Figure 8 the enantiopure ligand gives a product of 50% ee. As soon as the ee of the ligand is inferior to 100% there is the possibility to generate the heterochiral complexes which will dominate the reaction. Of course at some point the beneficial effect of decreasing ee auxiliary will disappear, since at low values of ee auxiliary the heterochiral complexes will be abundant but of low ee. The curves B (usual (+)-NLE) and C (linearity) will be replaced by curve A. In reference [22] are given some numerical calculations and a computed curve of hyper NLE. The ML n model also allowed to generate multi-shape curves or curves giving simultaneously (+)-NLE and (-)-NLE for some domains of ee auxiliary . Some distorted curves have been experimentally observed.
In conclusion the plot ee product = f(ee auxiliary ) is a simple tool in asymmetric catalysis to analyze a system. However it has to be combined to kinetics studies to draw firm conclusions on the mechanism of the reaction. The presence of a positive nonlinear effect may avoid to prepare enantiopure ligands. Asymmetric amplification is also useful in enantioselective autocatalysis, [29, 30] and hence feed the discussions on the processes occuring in prebiotic times leading to homochirality of living systems [48] .
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